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Abstract

Despite their well‐recognized importance in driving ocean physics and biology,
submesoscale (diameter < Rossby radius of deformation) eddies have been extremely difﬁcult to
observe due to technical difﬁculties from both ﬁeld and remote platforms. Here using novel satellite
ocean color data products and modiﬁed algorithms, we address this challenge for the Florida Straits
(22–28°N, 78–85°W). Between 2002 and 2018, while mesoscale eddies (radius >15 km) show strong
seasonality with occurrence frequency decreasing from Lower Keys to Upper Keys, submesoscale eddies
show little or no seasonality with high occurrence frequency restricted to 30–200‐m isobaths. The
number of mesoscale eddies decreases exponentially in size, but submesoscale eddies show a normal
distribution in size. These ﬁndings are signiﬁcant in ﬁlling our knowledge gap in submesoscale eddies in
this physically and ecologically important region as it encompasses world‐renowned coral reefs,
seagrasses, and ﬁsheries.

1. Introduction
Submesoscale eddies can efﬁciently transport heat and salt in the upper ocean (Wang et al., 2018)
and play an important role in the balance of energy generation and dissipation of larger scale oceanic
processes (Munk et al., 2000; Zatsepin et al., 2019). However, compared to mesoscale eddies, they
remain poorly studied due to technical difﬁculties in observing these small‐scale and ephemeral ocean
features. Satellite altimeters typically cannot characterize eddies smaller than 100–200 km in diameter.
In subtropical and tropical oceans sea surface temperature imagery lose their spatial contrast during
summer, and satellite ocean color imagery also suffer to lack of sufﬁcient observations due to clouds,
strong sun glint, and stray light (Chen et al., 2019; Hu, 2011). As a result, to date, there is generally
a lack of synoptic and long‐term characterization of submesoscale eddies in the world's oceans, except
perhaps in some small regions when continuous land‐based high frequency‐radar observations
are available.
The lack of observations also leads to a poor understanding on how these submesoscale features may
affect local nutrient transport, biology, and ecology. This problem is particularly signiﬁcant for the
Florida Straits (FS), a subtropical region hosting the largest reef system in the continental United States
and rich in submesoscale eddies as revealed by ﬁeld surveys (Chew, 1974; ; de Morais & Reinert, 2010;
Fiechter et al., 2008; Lee, 1975; Haus et al., 2000, 2004; Lee & Atkinson, 1983; Lee et al., 1995; Scott
et al., 2010Shulzitski et al., 2017). Here submesoscale eddies refer to those with diameters less than a baroclinic Rossby radius of deformation (about 30 km; He & Weisberg, 2003; de Morais & Reinert, 2010;
Kourafalou & Kang, 2012; Shay et al., 2007). The cyclonic eddies in this region are known to be highly
productive with abundant nutrients, phytoplankton, and copepods (Hitchcock et al., 2005; Lee et al.,
1994). These eddies have also been connected to the transport of biochemical substances from the deep
ocean to the shallow coastal reef environments; these include ﬁsh larvae, nutrients, and pollutants
(Kourafalou & Kang, 2012; Lane et al., 2003; Lee et al., 1992; Limouzy‐Paris et al., 1997Sponaugle
et al., 2005; Shulzitski et al., 2017). However, nearly all these studies are based on limited ship or high
frequency‐radar measurements, which lack spatial and temporal coverage. Therefore, the objective of this
study is to use modiﬁed methods and novel data products to establish a complete data record of eddy
occurrence in the FS and then understand their spatial/temporal changes as well as their possible long‐
term trends.
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Figure 1. Demonstration of eddy extraction from MODIS/A Chl images over the Florida Straits on 29 June 2004. (a)
Standard NASA Chl image does not have sufﬁcient coverage due to sun glint and stray light; (b) New Chl image after
data “recovering” (Chen et al., 2019; Hu, 2011); The images cover a region of 23°N to 27°N and 84°W to 79°W. A small
portion outlined by the rectangular box is enlarged in (c), where submesoscale cyclonic eddy features are delineated in
black using the techniques developed in this study.

2. Data and Method
2.1. Data
The fundamental difﬁculty of lacking appropriate data product in systematically characterizing submesoscale features is overcome in this study through the use of novel ocean color algorithms and data products.
Speciﬁcally, sun glint and stray light are corrected through an empirically color index algorithm (Hu,
2011). Then, a machine learning approach is used to “recover” these corrected but low‐quality data to chlorophyll (Chl in mg m−3) data, whose quality is comparable to the NASA standard Chl data product (Chen
et al., 2019). This way, without losing quality, Chl data quantity can be increased by 3–5 times, especially
during summer time.
In this study, data collected by the Moderate Resolution Imaging Spectroradiometer (MODIS) onboard the
Aqua satellite were obtained from the NASA Goddard Space Flight Center (https://oceancolor.gsfc.nasa.
gov). The daily data covered a period of July 2002–April 2018. Using the approaches outlined in Hu (2011)
and Chen et al. (2019), novel Chl data products were derived. These data products are generally immune
to perturbations by sun glint, thin clouds, stray light, and sensor saturation, therefore providing signiﬁcantly
improved coverage in both space and time in all four seasons and making this study possible. Figures 1a and
1b show the contrast between the standard NASA Chl and the new Chl, where the latter reveals several submesoscale eddies along the Florida Keys. Because MODIS land bands were used to derive the new Chl data
products (to avoid the sensor saturation problem), these data products have a nominal resolution of 500 m,
sufﬁcient to characterize submesoscale features.
2.2. Method
While several approaches have been proposed in the past to delineate ocean fronts and eddy boundaries, the
Canny edge detection algorithm (Canny, 1986) was selected in this study because it is relatively easy to
implement to apply to sea surface temperature and ocean color imagery, and previous studies (Castelao
et al., 2006; Castelao & Wang, 2014; Wall et al., 2008; Wang et al., 2015) proved its effectiveness in delineating
ocean fronts. Therefore, a modiﬁed Canny method was used to delineate the eddy boundaries using the
following steps.
The algorithm used to delineate eddy boundaries in this study consisted in the following steps:
1. Pixels within 2 km of land or clouds are discarded, as these pixels may be contaminated by stray light.
2. A Gaussian ﬁlter was used to remove image noise. The standard deviation of the Gaussian ﬁlter, sigma,
was selected to be 2.0 (corresponding to a 13 × 13 pixel window) in order to achieve the best eddy boundary delineation results.
3. The gradient for each pixel was computed by applying a Sobel gradient operator towards the smoothed
image.
4. Non‐maximum suppression was applied to the gradient image to “thin” the spatially thick boundaries.
5. Two thresholds, 0.02 and 0.09 mg/m3 per 100 km, were applied to determine the candidate boundaries
for eddy detection. The threshold values were determined after trial‐and‐error analyses of 625 sets of
threshold values to determine which set was optimal for front detection (as judged by the gradient
ZHANG ET AL.
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images). The connected boundary pixels with spatial gradients below the lower threshold were removed,
while the connected boundary pixels with spatial gradients above the upper threshold were retained. For
candidate boundaries whose pixel gradients were between the two thresholds, only when these pixels
were connected to the boundary pixels with spatial gradient above the upper threshold were they
retained. This step was followed through an edge tracking algorithm.
6. For the selected boundaries, those closed in space were determined to form an eddy.
After delineation of eddy boundaries, an equivalent eddy radius was deﬁned as the radius of a circle with the
same area as the delineated eddy, and pixels within the boundaries were considered as “eddy pixels.” Then,
for each pixel in the image, eddy occurrence frequency was calculated as f = N/C × 100%, where N is the
number of times during the observation period that the pixel is an eddy pixel, and C is the number of times
the pixel could be judged to be either an eddy pixel or a non‐eddy pixel.
Six transects were selected around the Dry Tortugas, Marquesas Keys, Lower Keys, Middle Keys, Upper
Keys, and Miami. Each transect starts from 30‐m isobaths, with the lengths of ﬁrst two transects being about
130 km and of other four transects being about 45 km.
In each image, the number of eddies was determined using a Matlab program developed in house after delineation of eddy boundaries. Here the focus is on cyclonic eddies, where Chl is higher within the eddy than
outside the eddy. It is unknown whether there are anticyclonic eddies from ocean color imagery because of
lack of spatial contrast.
To determine the Florida Current (FC) positions, we used the Archiving, Validation and Interpretation of
Satellite Oceanographic Data (AVISO+) multi‐mission gridded sea level anomaly data distributed by the
Copernicus Marine Environment Monitoring Service. Surface geostrophic current velocities were derived
following a procedure described in Liu et al. (2016), and the currents were further interpolated onto the
transects. A threshold of 0.5 m/s of geostrophic current speed was used to indicate the northern edge of
the FC on a transect, similar to that for the eastern boundary of the Loop Current system approaching the
Dry Tortugas area (Weisberg & Liu, 2017).
To determine whether the eddy occurrence frequency is related to the FC position in different seasons, a correlation analysis was performed for each season between these two parameters. The same correlation analysis was also performed when the time series data were treated as a whole without being partitioned into
seasons. In this case, the seasonality was removed by subtracting the long‐term monthly climatology.

3. Results
Figure 1 shows that while the NASA standard Chl image is signiﬁcantly blocked by sun glint and cloud‐
adjacent stray light (Figure 1a), the new Chl image is immune to these perturbations (Figure 1b), thus revealing the submesoscale features along the Florida Keys. Furthermore, using the eddy delineation method
described above, the boundaries of these submesoscale eddies are outlined in black (Figure 1c). More cases
showing the contrast between the NASA standard Chl and new Chl images can be seen from Figure S1 in the
supporting information. The number of eddies, their sizes, and whether a pixel falls within the boundary are
all recorded from the boundary lines, and this process is repeated for all images between 2002 and 2018 to
generate eddy occurrence statistics, as shown in Figures 2–4.
The frequency of mesoscale eddy occurrence in the four climatological seasons of 2002–2018 is shown in
Figures 2a–2d. More eddies are observed in summer, followed by fall and spring, with the lowest occurrence
in winter. The occurrence frequency decreases gradually from the Lower Keys to the Upper Keys, with the
highest occurrence frequency occurring around the Dry Tortugas.
The frequency of submesoscale eddy occurrence in the four climatological seasons of 2002–2018 is shown in
Figures 2e–2h. More eddies are observed in the coastal regions of 26°N to 27°N, where summer appears to
have more submesoscale eddies than any other seasons. The high occurrence region is bounded approximately by 30 and 200‐m isobaths, while the Miami region appears to have higher occurrence frequency than
other regions.
These observations can be well explained from the perspective of ocean hydrodynamics. Previous studies
(Fratantoni et al., 1998; Lee et al., 1994; Sponaugle et al., 2005) have discussed the evolution of cyclonic
ZHANG ET AL.
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Figure 2. Distribution of occurrence frequency of mesoscale (a–d) and submesoscale (e–h) eddies in the Florida Straits
during four climatological seasons between 2002 and 2018. Color codes indicate percentage of images where a location
is within an eddy. In (h), six cross‐strait transects are annotated with thick white lines, along which time series of eddy
occurrence are presented in Figure 3. 30‐m isobaths are annotated with thin white lines. The dashed red lines in (h) denote
Florida Keys subdomains: MaK: Marquesas Keys, LK: Lower Keys, MK: Middle Keys, UK: Upper Keys; DT: Dry Tortugas
is marked with a red pentagram, and Miami is marked with a red dot.

eddies from the broader western entrance of the FS near the Dry Tortugas to the northern part of the Upper
Keys region. Due to the interaction between the Florida Current and the topography, eddies change in size
and propagating speed (Kourafalou et al., 2009; Lee et al., 1995; Sponaugle et al., 2005). They may also
transform, splitting into smaller (submesoscale) eddies, while formation of additional cyclonic eddies can
also take place locally (Kourafalou & Kang, 2012).
Figures 3a and 3b show mesoscale eddy occurrence frequency along the ﬁrst two cross‐strait transects, where
the position of the FC is overlaid with black lines. Figures 3c–3f present submesoscale eddy occurrence frequency along the other four cross‐strait transects. To examine their potential relationship with the FC's position, Figure 3e is repeated in Figure 3g but with the position of the FC overlaid with black lines.
While the spatial distributions of eddy occurrence are revealed in the eddy occurrence frequency maps in
Figure 2, the temporal changes of eddies along the six cross‐strait transects (Figure 2d) are shown in
Figure 3. Similar to those in Figures 2, 3a, and 3b show signiﬁcant seasonality in mesoscale eddy occurrence.
The results of wavelet analysis (Liu et al., 2007) of the outlined region in Figure S2a on mesoscale eddy occurrence frequency, which can be seen from Figure S3b, also support this conclusion. Wavelet power spectra of
mesoscale eddy occurrence frequency are statistically signiﬁcant at a 12‐month period (note the annotated
horizontal red dashed line in Figure S3b), which indicates consistent annual cycle (seasonal variation) of
mesoscale eddy occurrence. For Transect 1 (Dry Tortugas) and Transect 2 (Marquesas), the highest frequency occurs in the summer of every year except 2012. During the summer months, the occurrence frequency of mesoscale eddies is highly correlated with the position of the FC, with their correlation
coefﬁcients ranging between 0.78 and 0.54 for Transect 1 (Dry Tortugas) and Transect 2 (Marquesas), respectively. In addition, there appears an increasing trend in occurrence frequency of mesoscale eddies
(Figures 3a and 3b). However, because this may be the result of more stationary eddies in certain years
(e.g., 2017), it is currently unclear whether this trend is a result of increased number of eddies or more stationary eddies in certain years. Determining unique eddies requires tracking individual eddies, which is currently difﬁcult or impossible due to frequent cloud cover in ocean color imagery, but might be possible in the
future when combining observations with numerical models. In contrast, the increasing trends of occurrence frequency of submesoscale eddies in the Upper Keys (Figure 3e) and along Transect 6 (Miami,
Figure 3f, more eddies in 2015–2018 than in earlier years) are likely realistic as submesoscale cyclonic eddies
moved much faster than mesoscale cyclonic eddies. For submesoscale eddies along the other four transects,
their seasonality in occurrence frequency is much weaker than that for mesoscale eddies. Although summer
months appear to have higher occurrence frequency visually, wavelet power spectra of the outlined region in
Figure S2b for submesoscale eddy occurrence frequency (Figure S3d) show eddy energy mainly in short
ZHANG ET AL.
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Figure 3. Time series of eddy occurrence frequency along the six cross‐strait transects (a–f), shown in Figure 2h. Labels on
the bottom indicate distance from the 30‐m isobaths, while labels on the top show bathymetry. The year mark starts
from January of that year. The position of the Florida Current is annotated as black lines in Figures 3a and 3b. Figure 3g is
the same as Figure 3e but with the blackline overlaid.

frequency band with periods of 2–10 months. In contrast to mesoscale eddies, the occurrence frequency of
submesoscale eddies does not appear to correlate well with the position of the FC (Figure 3g): the
correlation coefﬁcient for Transect 5 (Upper Keys) for summer months is only 0.36, which decreases to
0.025 when all months (except winter months) are considered.
ZHANG ET AL.
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Figure 4. Histogram of number of cyclonic mesoscale and submesoscale
eddies in the Florida Straits observed from all MODIS images between
2002 and 2018. The dashed vertical line denotes the separation of submesoscale (radius <15 km) and mesoscale eddies.
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A total of 6,140 images were used in this study (of which 2,046 images
were mostly cloud‐free) to estimate the number of eddies. Figure 4 shows
the number of cyclonic mesoscale and submesoscale eddies observed
between 2002 and 2018 for each eddy size. Most of the observed eddies
are small, with 84% of them being submesoscale (radius <15 km, dashed
line in Figure 4). Within this group, most eddies are found with a radius
of 6–7 km. While the distribution of submesoscale eddies appears to be
normal, the number of mesoscale eddies decreases exponentially with
eddy size. This observation is consistent with results obtained from a
numerical model for the Southern California Bight (Dong et al., 2012).
Note that nearly all eddies observed have radius <100 km. Clearly, if satellite altimetry was to be used to study eddies, most of them would be
missed completely.

The new Chl images not only made it possible to derive eddy statistics (as
shown in Figures 2–4) but were also used to estimate the eddy's moving
speed when sequential images (e.g., Figures S4 and S5) showing the same eddies were available.
Mesoscale eddies that formed off the Dry Tortugas moved relatively slowly at an averaging speed of 5–6
km/day, whereas FC frontal eddies (mesoscale eddies that did not form off the Dry Tortugas or submesoscale
eddies) were observed to move quickly at speeds of 20 to 35 km/day. These observations are comparable to
those obtained from ﬁeld measurements or numerical models (Lee et al., 1995; Limouzy‐Paris et al., 1997;
Shay et al., 1998; Parks et al., 2009; Kourafalou & Kang (2012)).

4. Discussion
4.1. Uncertainties
Due to the ephemeral nature of submesoscale eddies, direct ﬁeld validation of the above eddy statistics is
impossible. High‐resolution numerical models may provide independent data to qualitatively validate these
results. For example, Kourafalou and Kang (2012) used a 1/100° HYCOM model to estimate the number of
cyclonic mesoscale and submesoscale eddies in each of the subdomains in Figure 2h over the period of 2004–
2008. They found that there was an increase in submesoscale vortices from the Dry Tortugas to the upper
part of the Upper Keys, but the number of mesoscale vortices was generally reduced, because they either
sheared apart or split to smaller eddies. These modeling results are in line with the observations based on
ocean color imagery here, thus supporting the validity of the observations in a qualitative way.
Furthermore, a sensitivity test indicates that the eddy statistics were relatively stable against changes in algorithm parameterization (Figure S6), suggesting that the results presented here are at least self‐consistent. In
the future, high frequency‐radar data may be used to study individual cases to result in direct validations.
4.2. Seasonal and Interannual Changes
Seasonal variability of ocean circulation is complicated in this region. To the west, the Gulf of Mexico Loop
Current system does not appear to have seasonal variations. In the Loop Current active region, the variability is dominated by intra‐seasonal frequency band (Liu et al., 2016). In the Straits of Florida, the transport has
semi‐annual cycles with a larger value in summer, which can be largely explained by along‐channel winds
(Rousset & Beal, 2011). The winds in the Florida Keys region have seasonal variation, southeast in summer
and northeast in winter (Liu & Weisberg, 2012). It is not intuitive how the winds and the FC affect the mesoscale and submesoscale eddies.
The interannual changes of mesoscale eddy occurrence frequency are correlated with changes in the position of the FC. However, occurrence frequency of submesoscale eddies does not show the same correlation
even though submesoscale eddies can occur anywhere along the frontal boundary as mesoscale eddies decay
or as the FC meanders along the shelf edge (Lee, 1975). Multiple processes may be involved in forming the
submesoscale eddies.
4.3. Implications
While the mechanisms behind the spatial and temporal changes of both mesoscale and submesoscale
eddies are derived mainly from previous research and from educated speculations, there is consensus on
ZHANG ET AL.
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the implication from the rotating currents within these vortices. These currents inﬂuence the shallow areas
of the Reef Tract, and they can retain materials, such as ﬁsh larvae. This is a mechanism of retaining material and, in the case of ﬁsh larvae, biological processes such as recruitment and connectivity can be affected.
In particular, spawning grounds in the Dry Tortugas can provide larvae that will travel with the cyclonic
eddies and reach downstream reefs, an important connectivity pathway. (Kourafalou et al., 2018; Lee
et al., 1992, 1994; Limouzy‐Paris et al., 1997; Lee & Williams, 1999; Sponaugle et al., 2005; Shulzitski
et al., 2015, 2016; Vaz et al., 2016). Submesoscale cyclonic eddies can also provide a favorable feeding environment for sailﬁsh larvae and potentially also for their adults (Richardson et al., 2009). Therefore, the information obtained from this study provides more insight to the complex near‐surface circulation systems and
important implications for nutrient ﬂux, biological productivity, plankton patchiness, larval transport and
recruitment, and dispersal of pollutants. The eddy occurrence frequency maps presented in this study may
therefore provide some guidance in the future when designing ﬁeld sampling plans. In particular, the near
real‐time availability of the novel ocean color imagery enables tracking of individual eddies in sequential
images (see Supporting information), thus making it possible to follow individual eddies through
ship surveys.
The study region is ecologically important but relatively small. However, the approach presented here may
serve as a template for many other regions in order to map mesoscale and submesoscale eddies and understand their roles in affecting physical transport of materials and local biogeochemistry. Figure S7 shows such
an example, where a submesoscale eddy in the western Gulf of Mexico is detected from the novel MODIS/A
Chl image on 10 June 2018.
In a broader sense, this study represents a pioneering effort in characterizing submesoscale eddies well in
advance of the U.S. NASA's Surface Water and Ocean Topography (SWOT) mission (https://swot.jpl.nasa.
gov/) and particularly in providing possible solutions to ﬁll some of the SWOT temporal and spatial gaps.
This is because the 15‐km resolution SWOT mission has a temporal resolution of ~10–20 days, while the
novel Chl product can detect submesoscale eddies of ~5–10 km every 4–5 days as long as these eddies have
a color contrast.

5. Conclusions
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ZHANG ET AL.

Submesoscale eddies have been difﬁcult to characterize in a systematic fashion because of their ephemeral
nature and lack of observing techniques. In this study, we show that a modiﬁed Canny edge detection algorithm applied to a novel ocean color data product can map both mesoscale and submesoscale eddies in the
Florida Straits, from which long‐term eddy distribution patterns between 2002 and 2018 can be derived. We
believe that this is the ﬁrst time such eddies are documented from systematic observations. Results show
unprecedented information on their seasonality and interannual changes, while the availability of ocean
color data globally makes extension of the current study to other coastal regions straightforward.
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